We develop a theoretical framework that extracts a deeper understanding of galaxy formation from empirically-derived relations among galaxy properties by extending the main-sequence integration method for computing galaxy star formation histories. We properly account for scatter in the stellar mass-star formation rate relation and the evolving fraction of passive systems and find that the latter effect is almost solely responsible for the age distributions among z ∼ 0 galaxies with stellar masses above ∼ 10 10 M ⊙ . However, while we qualitatively agree with the observed median stellar metallicity as a function of stellar mass, we attribute our inability to reproduce the distribution in detail largely to a combination of imperfect gas-phase metallicity and α/Fe ratio calibrations. Our formalism will benefit from new observational constraints and, in turn, improve interpretations of future data by providing self-consistent star formation histories for population synthesis modeling.
INTRODUCTION
The study of galaxy evolution is swimming in a flood of new multi-wavelength data. Recent observations have characterized (1) the evolution of stellar mass function (e.g., Bielby et al. 2012; Muzzin et al. 2013) ; (2) the bimodal nature of galaxies into quiescent and star-forming to z ∼ 3 (e.g., Brammer et al. 2011; Muzzin et al. 2013) ; (3) the evolving correlation between the stellar masses and star formation rates of star-forming systems (e.g., Noeske et al. 2007; Daddi et al. 2007; Karim et al. 2011; Whitaker et al. 2012; González et al. 2014) ; (4) a tight "fundamental metallicity relation" (FMR) among stellar mass, star formation rate, and gas-phase metallicity (e.g., Kewley & Ellison 2008; Lara-López et al. 2010; Mannucci et al. 2010; Andrews & Martini 2013) ; (6) the structure of cold gas fueling galaxies (e.g., Genel et al. 2010 ); and (6) the environmental influ-⋆ E-mail:jamunoz@physics.ucsb.edu ence on galactic properties (e.g., Peng et al. 2010; Pasquali et al. 2010; Lin et al. 2014 ). Yet, these various empirical relations beg a theoretical framework that answer questions about their effects on and relative importance in the buildup of stellar mass in the universe. For example, what role does the quiescent phase of galaxy evolution play in setting the growth of the stellar population, and do clumps in cold streams or environmental processes fundamentally drive star formation?
Moreover, understanding the history of star formation in the universe is critical, not only for its own sake, but because the knowledge feeds back into the interpretation of the torrent of extragalactic observations. Extracting most galaxy properties from the data, for example, requires stellar population synthesis models for which the star formation history is a necessary input (e.g., Tinsley 1980; Leitherer et al. 1999; Schaerer et al. 2013) . These histories are also central to understanding the nature of the mass-metallicity relation (e.g., Peeples & Somerville 2013 ) and the evolution of the c 0000 RAS law relating star formation rate to gas density (e.g., Bigiel et al. 2008) .
To avoid the degeneracies and sub-grid prescriptions involved in formulating a completely theoretical model of galaxy formation and evolution for comparison with observations, we are motivated to organize the empirical data itself into a cohesive structure describing the buildup of stellar mass within galaxies. Such a path is provided by the Main Sequence Integration (MSI) method (e.g. Leitner 2012 ). This scheme traces the star formation history of a mock galaxy by using the observed average star formation rate as a function of stellar mass and redshift to inform the growth of the system in each time step. It can also track the buildup of stellar metallicity by incorporating the empiricallydetermined FMR (Peeples & Somerville 2013) . However, the current method ignores the significant scatter in these empirical relations (e.g., Noeske et al. 2007; Daddi et al. 2007; Karim et al. 2011; Guo et al. 2013; González et al. 2014) as well as the quenching of star formation implied by the evolving fraction of quiescent galaxies. Both effects contribute to large variations in the star formation history from system-to-system, which in turn, imprint on the derivations of galaxy properties from the data.
To study the influence of empirical phenomenology on the star formation process more fully, we develop an improved MSI model that introduces fluctuations into the star formation process and, by construction, reproduces both the scatter in the stellar mass-star formation rate relation and the evolving fraction of quiescent galaxies. In §2, we review the basic MSI method, which traces the mean history of smoothly and continuously star-forming systems. We present our new prescriptions for generating variations in the star formation history, both in time and from galaxy-to-galaxy, in §3, and test our method using Sloan Digital Sky Survey (SDSS) observations from (Gallazzi et al. 2005 ) of the scatter in galaxy ages and stellar metallicities in §4. Finally, we discuss and summarize our conclusions in §5.
Throughout, we adopt a ΛCDM cosmology with ΩM = 0.28, ΩΛ = 0.72, and H0 = 70 km/s/Mpc and a Chabrier (2003) initial mass function (IMF). Furthermore, log always refers to the base-10 logarithm.
THE BASIC MODEL
We begin by reviewing the basic formulation of the MSI model. In §2.1, we describe the computation of the average star formation history of a galaxy with final stellar mass M ⋆,f at redshift z f assuming no scatter in the star formation rate for a given stellar mass and redshift. Then, in §2.2, we discuss the metallicity history of galaxies using the fundamental metallicity relation between stellar mass, star formation rate, and gas-phase metallicity.
Star Formation Histories
In the MSI procedure (e.g., Leitner 2012) , the observed relationship between star formation rate,ṀSFR, and stellar mass, M⋆, as a function of redshift determines galactic star formation histories. Explicitly, in the time dt between redshifts z + dz and z, the stellar mass, M⋆, of a galaxy increases by an amountṀSFR(M⋆, z) dt, where dt is the interval of cosmic lookback time, t, corresponding to the redshift interval dz given by dt = dz H0 (1 + z) ΩM (1 + z) 3 + ΩΛ .
Using equation 1 and our chosen cosmology we will refer to t and z interchangeably throughout this work. We use theṀSFR-M⋆ relation recently derived by Whitaker et al. (2012) from galaxies in the NEWFIRM Medium-Band Survey . These authors compute star formation rates from a combination of the rest-frame UV and IR emission and stellar masses assuming a Chabrier (2003) IMF, solar metallicity, and exponentially declining star formation histories.
1 The resulting relation, which is similar to that derived using a comparable analysis of galaxies in the COSMOS survey by Karim et al. (2011) , has a median logarithmic star formation rate for star-forming galaxies well-fit by
where α = 0.70 − 0.13 z and β = 0.38 + 1.14 z − 0.19 z 2 . Despite the limited mass range over which this formula was derived, particularly at the highest redshifts, we extrapolate equation 2 in the present work to any combination of redshift and stellar mass required. With this choice and in the MSI formulation without scatter, the mass added in each time step dt at redshift z is 10 logṀ SFR med (M⋆,z) dt.
2
In addition to the mass gained in each time step, Leitner & Kravtsov (2011) considers the mass recycled back into the interstellar medium as a result of stellar winds and death. We quantify the amount of mass lost in this way by the fraction of stellar mass, f ml (t2 − t1), produced at time t1 that has been lost by some later time t2, and adopt the fit to this fraction which Leitner & Kravtsov (2011) derive using population synthesis modeling for a Chabrier (2003) IMF at solar metallicity:
where C0 = 0.046 and λ = 2.76 × 10 5 yr. The dominant source of uncertainty in equation 3 is the choice of IMF since the total mass loss, unlike the amount lost in each individual stage of stellar evolution, is relatively insensitive to metallicity. Given this fitting, the instantaneous rate of mass recycling at time t is a convolution of f ml and the star formation historyṀSFR(t). More explicitly, for a star formation history beginning at some time ti, the total mass loss rate at time t > ti from stars formed between ti and t is
Thus, the change in stellar mass between from z+dz to z now becomes 10
In this work, we are more interested in the origins of observed galaxies today rather than the eventual fates of high-redshift galaxies. Therefore, we follow Leitner & Kravtsov (2011) in tracing star formation histories backward rather than forward in time and beginning at z = 0. However, this procedure complicates the evaluation of equation 4 at late times since it requires foreknowledge of the star formation history at early times. Leitner & Kravtsov (2011) circumvent this problem using an iterative approach to solve for the star formation history, and we adopt the same solution. We initially assume f ml = 0 and compute the star formation history without mass recycling. We then use this history to reevaluate equation 4 and trace the star formation history in the subsequent iteration. This process typically converges quickly, after only a few iterations. An example history for a galaxy that has M⋆ = 10 10.5 M⊙ at z = 0 is shown as the thick black line in Figure 1 .
We calculate the star formation history of a galaxy beginning our calculations at time t = t f , corresponding to z = z f , and take steps backwards in time until we reach some fiducial "initial" time ti at which our galaxies are "seeded" with some relatively small fiducial stellar mass with zero age and uniform metallicity. We compute the galactic average age, T , of the stellar population at t f by taking a mass-weighted average of the mass surviving from each time step, i.e.,
The implicit assumption that stars already present in a galaxy at ti all formed at time ti does not significantly affect the results if zi, the redshift corresponding to ti, is large and the stellar mass at zi small (see Appendix A). Typically, M⋆(ti)/M⋆(t f ) < 10 −3 in our realizations. In the interest of making out results more comparable to observations, we can also calculate galaxyaveraged ages weighted by B-band luminosity rather than by mass using a model for the stellar metallicities within a mock galaxy (see §2.2).
3 To do this, we replace the fraction of final mass produced in each a step dt-ṀSFR(t) [1 − f ml (t f − t)] dt/M⋆(t f )-which appears in each of equations 5, with the fraction of the total B-band luminosity emitted by these stars at time t f . As in Peeples & Somerville (2013) , we compute this luminosity for stars in each time step given its age and metallicity using Bruzual & Charlot (2003) stellar population models. The resulting luminosity weighting significantly biases the inferred properties toward more recent star formation and, hence, produces younger ages (Trager & Somerville 2009 ) and higher metallicities.
Metallicity Histories
In addition to the average age, we also calculate the average metallicity, Z⋆, of a galaxy's stellar population from its star formation history. Following Peeples & Somerville (2013) , we assume that the metallicity of the galactic gas, Zg, in a given time step imprints on the stars that form out of it at that time step (see also Tinsley 1975 ). This procedure assumes, similar to our calculation of the average age, that all stars already present at time ti have the same metallicity given by the gas-phase metallicity at that initial time, but this does not significantly affect the results for large zi and small M⋆(zi). At t f , the mass-weighted, galaxy-averaged stellar metallicity is
(6) That is, stellar metallicities are the star formation-weighted histories of gas metallicities (Peeples & Somerville 2013) . We can also compute a luminosity-weighted version of Z⋆ using the same procedure as for T .
We specify Zg as a function of both M⋆ andṀSFR using the so-called "fundamental metallicity relation" (hereafter FMR) observed at z = 0, which connects stellar mass, star formation rate, and gas-phase metallicity (e.g., Mannucci et al. 2010; Lara-López et al. 2010) . By incorporating the influence of star formation on metallicity, this choice represents an improvement over assigning metallicities based on an evolving relationship with stellar mass alone (e.g., Zahid et al. 2012 ). As in Peeples & Somerville (2013) , we assume that the FMR is redshift-independent, though we emphasize that the current observational situation is unclear (e.g., Yuan et al. 2013b; Zahid et al. 2013; Yabe et al. 2014; de los Reyes et al. 2014) .
Despite a theoretical motivation for the relation (e.g. Forbes et al. 2014) , the formulation of the FMR is purely empirical and, thus, complicated by the physics of observational metallicity indicators. Recently, Andrews & Martini (2013) showed that the choice of calibrator can strongly influence the dependence of the inferred metallicity on not only stellar mass (Kewley & Ellison 2008) , but also on the star formation rate. This effect is due to the sensitivity of metal lines to the electron temperature and ex-citation/ionization structure of HII regions, which in turn depend onṀSFR (e.g., Peña-Guerrero et al. 2012; Andrews & Martini 2013) . Moreover, incorrect parameterization of these properties can introduce systematic uncertainties into the derived metallicity measurement, though Nicholls et al. (2012) and Dopita et al. (2013) show that adding a high-energy tail to the standard Maxwell-Boltzmann distribution of electron energies can improve temperature estimates and reconcile seemingly discrepant indicators.
However, as the FMR has not yet been fully characterized using this new method, we instead investigate how our results vary when adopting several different representative calibrations whose dependence on M⋆ andṀSFR span the range described in Andrews & Martini (2013) . Specifically, we take
and set the gas-phase metallicity relative to solar, Zg/Z⊙, to be the relative oxygen-to-hydrogen ratio, (O/H)/(O/H)⊙, with 12 + log(O/H)⊙ = 8.76 (Caffau et al. 2011 Zaritsky et al. (1994, hereafter Z94) . These three calibrations span the uncertainties in both the normalization of the FMR and its dependence on star formation rate with the PP04 fitting producing an approximately average relationship. Moreover, by stacking spectra from SDSS, Andrews & Martini (2013) are able to characterize the FMR down to stellar masses nearly 2 dex lower than that in earlier studies. Adopting their relations, we are less susceptible to extrapolation errors than were Peeples & Somerville (2013) . Therefore, where not otherwise specified in §4, we assume the FMR as measured by Andrews & Martini (2013) 
where m10 = log(M⋆/10 10 M⊙) anḋ m1 = log(ṀSFR/M⊙ yr −1 ). By assuming that starforming galaxies always remain on this relation, Peeples & Somerville (2013) are able to approximately reproduce the z = 0 stellar metallicities of 10 10.5 M⊙ galaxies observed by Gallazzi et al. (2005) using the average MSI-derived star formation history of Leitner (2012) . However, as we show in §4.2, this agreement may have been partially coincidental since a significant fraction of galaxies in this mass range are passive and, thus, have substantially different star formation histories (and corresponding enrichment histories) than Peeples & Somerville (2013) assumed. These authors further attribute their over-estimate of the stellar metallicities at 10 10 M⊙ to extrapolation errors in both the star formation histories and the M10 FMR and interpreted their results as producing good agreement with observations. However, we must also be aware that the gas-phase metal abundances of the FMR are measured relative to oxygen, an α element. Stellar metallicities, on the other hand, are typically measured from iron lines. Because α elements are almost exclusively produced in Type II supernovae while a significant fraction of iron is additionally made in Type Ia supernovae, the two metallicities are not directly comparable or even related by a constant factor. Observational evidence suggests that the delayed contribution of Type Ia supernovae to the iron budget produces super-solar α/Fe ratios in older, more massive galaxies (Thomas et al. 2005; Arrigoni et al. 2010 ), but Stoll et al. (2013) purport an intrinsic correlation between α/Fe and the oxygen abundance, O/H, based on measurements of individual halo, bulge, and disk stars in the Milky Way. We will use the empirical fit from Stoll et al. (2013) , given by
for our results in §4 as a fiducial case but also discuss the effect of a mass-dependent conversion.
INCORPORATING SCATTER
Going beyond the previous work by Leitner (2012) and Peeples & Somerville (2013) , in this study, we consider the scatter in star formation histories from galaxy-togalaxy indicated both by variations in the star formation rate at a given stellar mass and redshift and by the evolving fraction of quiescent systems. In this section, we describe the implementation of these fluctuations in our version of the MSI model. In §4, we will test whether and by what mechanisms the resulting scatter in the star formation history imprints on the presentday mass-age and mass-metallicity relations measured by (Gallazzi et al. 2005) . Because of this, we will generally set z f = 0 and denote M⋆,0 ≡ M⋆(z f = 0) unless otherwise specified. At each time step of our MSI formulation, instead of specifying the star formation rate via equation 2, we draw a value from a probability distribution that may depend on stellar mass and/or redshift.
4 In this section, we describe how we piece together this distribution from components of varying sophistication and physical motivation. Note that this probability distribution may not have a mean given by equation 2 since the observations to which we compare our final results need not be completely described by only normal, star-forming galaxies. Moreover, successive draws from this distribution may be correlated to simulate different amounts of stochasticity. Figure 1 shows example star formation histories for galaxies with a z = 0 stellar mass of M⋆,0 = 10 10.5 M⊙, about that of the Milky Way (e.g., Klypin et al. 2002) . The solid, black curve demonstrates the mean relation, incorporating no scatter in the star formation rate about the mean determined from equation 2. The other modeled star formation histories in Figure 1 account for the scatter in star formation rates for normal, star forming galaxies ( §3.1) and the evolving population of passive galaxies ( §3.2).
Normal, Star-Forming Galaxies
Observationally, the star formation rate of star-forming galaxies at fixed stellar mass has an approximately lognormal distribution with a logarithmic standard deviation, σSFR, of approximately 0.3 dex, roughly independent of stellar mass and redshift (Noeske et al. 2007; Daddi et al. 2007; Karim et al. 2011; González et al. 2011; Muñoz & Loeb 2011; Muñoz 2012 , though see Guo et al. 2013) . Unfortunately, the tails of the distribution are not well-characterized observationally, and the amount of scatter may be as high as 0.4 dex or as low as 0.2. However, we find that our results are relatively insensitive to this uncertainty (see Appendix C), and, thus, assume a fiducial value of σSFR = 0.3. Assuming such a shape, we take the mean of the distribution to be identical to the observed median given in equation 2.
Tracing the star formation history with an integration time step ∆t (see Appendix A), we resample the star formation rate from our log-normal distribution every ∆tc/∆t time steps by selecting the size of the fluctuation, (logṀSFR − logṀSFR )/σSFR. In this way, a particular fluctuation affects the galaxy for a time ∆tc, and we allow the star formation rate itself to change on scales of ∆t as logṀSFR evolves with redshift and the growing mass of the galaxy. The time-scale ∆tc, thus, is a critical parameter of our model and controls how correlated the star formation rate is through time. For a large value, a particular fluctuation in the star formation rate about the mean will persist for a more significant period and more significantly affect the final properties. On the other hand, a small ∆tc results in less scatter in the final properties, since an aberrant star formation rate in one time step is allowed to continue for a the specific star formation history of a galaxy before the first iteration and maintain the same set throughout the convergence process. We set the final stellar mass for these examples to be 10 10.5 M ⊙ at z = 0. The thick, solid (black) curve shows the mean star formation history computed using only the average star formation rate as a function of stellar mass and redshift. The thin solid (blue) and short-dashed (green) curves include 0.3 dex of scatter in the star formation rate correlated over a time-scale of, respectively, ∆tc = 10 8 yr and 10 10 yr (effectively its entire lifetime). The dotted (red) curve is an example with ∆tc = 10 9 yr and passive galaxies included; this particular example becomes passive quite early and slowly loses stellar mass from stellar death and recycling over the last 8 Gyr.
shorter period before being resampled. Though we are not testing a physical model here, different correlation time-scales may have distinct physical geneses; environmental effects likely operate over long time-scales, for example, while instabilities in the inflow rate of cold gas correlate star formation over short time-scales.
In Figure 1 , we show two model examples of star formation histories that include only normal star formation. The thin solid (blue) and short-dashed (green) curves assume ∆tc = 10 8 and 10 10 yr, respectively. For ∆tc = 10 8 yr, the star formation history does not deviate much from the "no scatter" case since strong fluctuations in star formation rate are not allowed to persist for a significant amount of time. On the other hand, for ∆tc = 10 10 yr (effectively the entire galaxy lifetime) the history is rather smooth because the distribution is only sampled once (logṀSFR − logṀSFR ∼ 1.5 σSFR for the example in Fig. 1) . A high values of ∆tc with a single fluctuation per system generates much stronger deviations from galaxy to galaxy than does a low value, which combines many uncorrelated fluctuations. However, we emphasize that, by construction, an ensemble of our output star formation histories reproduce the observed stellar mass-star formation rate relation and its scatter for any choice of ∆tc. In §4, we compare results for several different values, which may reflect different physical mechanisms driving the scatter in the star formation rate.
Passive Galaxies
While previous implementations of the MSI method considered only star-forming galaxies, the Gallazzi et al. (2005) data to which we compare our results in §4 includes passive galaxies. The "quenching" of star formation can have a strong influence on the scatter among the histories of massive galaxies by suppressing galaxy star formation rates at different times. We construct a new prescription to incorporate this suppression into the MSI method that allows us to quantify the resulting effect on stellar ages and metallicities.
As with star-forming galaxies, we calibrate our model based on empirical observations from the NEWFIRM Medium-Band Survey, using the passive galaxy fraction measured by Brammer et al. (2011) at 0.4 z 2.2 for stellar masses above ∼ 10 9.5 . These data were recalibrated and fit by Behroozi et al. (2013) , who found that the fraction of galaxies that are passive depends on stellar mass and redshift as
Because equation 10 implies that virtually all dwarf galaxies are star-forming, it may not adequately describe the quenching of star formation in local group satellites as a result of ram-pressure stripping (e.g., Kravtsov et al. 2004; Muñoz et al. 2009 ). Nevertheless, we extrapolate this fitting to all necessary masses and redshifts in our model. Moreover, we compute results specifically for star-forming populations in §4 by setting fp(M⋆, z) = 0.
However, the passive fraction is only the desired result of our prescription; we cannot simply use fp to select quenched systems at each time step since this would allow them to alternate between passive and star-forming phases on the scale of ∆t. Instead, in our scheme, we assume that galaxies exhibit a "once passive, always passive" behavior. (Since we integrate star formation histories backward through time, this is equivalent to a rule of "once star-forming, always star-forming.") Moreover, galaxies designated as passive form no new stars but still lose stellar mass due to stellar recycling according to equation 4. The procedure is as follows. Beginning at z = 0, we determine whether a galaxy is passive or not based on the probability given by equation 10 as a function of the galaxy's mass, M⋆,0. A galaxy marked as star-forming at z = 0 is then starforming for its entire history. On the other hand, for a galaxy set to be passive at z = 0, we calculate the probability in each time step that the system switches from passive to star-forming based on its stellar mass and the redshift of the time step. While fp gives the fraction of all galaxies that are passive, the probability that a passive galaxy becomes star-forming-again as we integrate backward through time-in a redshift interval dz, is given by the change in the number of passive galaxies over dz as a fraction of the total number of passive galaxies, which can be written as
where dn/dM⋆ is the stellar mass function. Equation 11 implicitly includes the contribution to the changing number of passive galaxies owing to the evolution in the total number of galaxies. Once a passive galaxy becomes star-forming, its star formation rate is then selected using the previously described procedure ( §3.1). This prescription ensures that, averaged over a large and representatively-sampled population of model galaxies, the fraction of systems denoted as passive will be given by equation 10. All that remains to describe our implementation of passive galaxies completely is to specify our choice of dn/dM⋆. We adopt the observed stellar mass functions of Bielby et al. (2012) , who use data from the WIRCam Deep Survey and a methodology for deriving stellar masses very similar to that of Brammer et al. (2011) and Whitaker et al. (2012) to fit results at discrete redshifts from 0.2 < z < 2 with a double- Schechter (1976) function: 
Equations 12 and 13 give a stellar mass function consistent with those from other recent works (e.g., Brammer et al. 2011; Muzzin et al. 2013 ). Because we only require the redshift evolution of the mass function in our model via equation 11, our specific choice-in addition to effects such as cosmic variance-is even less significant to our results. Figure 1 shows two examples (both with ∆tc = 10 9 yr) of star formation histories where we have included a passive phase. In one case (dotted, red), the galaxy becomes massive very early in its lifetime and then evolves only quiescently for nearly 8 Gyr until z = 0. Once star formation ceases, the stellar mass declines somewhat due to stellar recycling before reaching M⋆,0 = 10 10.5 M⊙. By contrast, in the other example (long-dashed, orange), the galaxy builds up its mass much more gradually and only becomes passive relatively recently in cosmic time-less than 500 Myr ago. As we show in §4, this variation adds a significant amount of scatter to the ages and stellar metallicities of galaxies at this stellar mass and increases the median age of systems more massive than ∼ 10 10 M⊙.
RESULTS
We have developed a model to describe galaxy-to-galaxy variations in the buildup and enrichment of stellar mass in terms of the observed star-forming main sequence, the FMR, and the evolving passive galaxy fraction. In §3, we showed how variations in normal star formation, a passive phase, and additional starbursts all lead to scatter in star formation history. In this section, we explore how these fluctuations contribute to the observed range of ages and stellar metallicities, focusing on measurements at z ∼ 0. Gallazzi et al. (2005) derive average stellar ages and metallicities for ∼ 175, 000 nearby (0.05 z 0.22) galaxies from the SDSS Data Release 2 with stellar masses of ∼ 10 9 -10 12 M⊙. They determine galaxy properties probabilistically by considering a range of star formation histories with bursts superimposed on an assumed exponential decline and using a Bayesian method based on the following observed spectral features: the 4000Å Balmer break, Hβ, HδA+HγA, [Mg2 Fe], and [Mg Fe]'. Because of their reliance on iron features, we correct the metallicities from our oxygen-derived results to account for variations in the α/Fe ratio with O/H (Stoll et al. 2013) , adopting the newest measurements of the solar oxygen abundance (Caffau et al. 2011) .
For a given input value of M⋆,0, each run of our method returns a different star formation histories and hence a different galaxy-averaged age and stellar metallicity. To compare these model results with the Gallazzi et al. (2005) observations, we construct samples of 10 3 mock galaxies in mass bins of ∆ log M⋆,0 = 0.1 and calculate the median and central 68% range of the output age and stellar metallicity (see Appendix). We define the operator ∆68 to be the range of logarithmic values of the acted-on physical variable such that 16% of galaxies in the given bin have values above the range and a further 16% have values below the range. Thus, ∆68T and ∆68Z⋆, respectively, quantify the range of average ages and stellar metallicities, in dex, of the central 68% of galaxies. For example, a value of log ∆68Z⋆ = −1 implies that the central 68% of Z⋆ spans 0.1 dex.
In addition to the intrinsic scatter, measurement uncertainties also contribute to the observed ∆68T and ∆68Z⋆. We attempt to compute an approximate correction for this effect by subtracting the uncertainties from the observed scatter in quadrature:
where X may stand for either T or Z⋆. However, we use equation 14 with caution, since none of the relevant fluctuations or uncertainties are Gaussian and the result depends as much on the Gallazzi et al. (2005) estimates of their uncertainties as on the data themselves. Thus, these "corrected" values should serve more as a guide to the potential effect of observational uncertainties than a true measure of the intrinsic scatter.
Finally, we note that, while we implement the quenching of star formation in our MSI formulation using the evolution of the stellar mass function via equation 11, our results are not explicitly designed to reproduce this evolution. Thus, a comparison to these observations would represent an additional constraint on our model. However, such an analysis is beyond the scope of the current study, and we leave it for future work.
Galaxy Ages
We compare our results for galactic ages to observations from Gallazzi et al. (2005, thick curve and gray shading) in Figure 2 . As shown in the left column, the luminosity-weighted ages of star-forming galaxies with M⋆,0 10 10 M⊙ are significantly lower than those of the general population. However, including a passive galaxies in our model, as described in §3.2 and shown in the middle and right columns, almost perfectly resolves for the discrepancy. Moreover, the quenching of star formation produces a characteristic bump in the value of ∆68T for the full galaxy population around 10 10.5 M⊙ that is also seen in the observations, where the passive fraction is significant enough to strongly affect a moderate number of galaxies but not so high as to influence nearly all galaxies in the same way. However, we note that this mechanism results in somewhat less scatter than observed at the highest stellar masses.
Quenching also suppresses the difference between our mass-and luminosity-weighted results. Among star- Gallazzi et al. (2005) for a representative sample of both star-forming and passive galaxies in the top row, while filled and open circles in the bottom row indicate the central 68% interval uncorrected and uncertainty-subtracted via Eq. 14, respectively. Model results are based on 10 3 realizations of star formation histories per stellar mass bin. Short-dashed (green), solid (blue), and long-dashed (orange) curves compare the effect of different correlation time-scales between fluctuations in normal star formation: ∆tc = 10 8 , 10 9 , and 10 10 yr, respectively. Dotted (blue) curves indicate results for a mass-weighted averaging of the stellar ages within a galaxy with ∆tc = 10 9 yr, while all other lines show luminosity-weighted results. Model results include only star-forming galaxies in the left column and only galaxies that are quenched by z = 0 in the middle column, while results in the right column reflect a representative population with both star-forming and passives systems.
forming galaxies we find that luminosity-weighted observations give ages that are significantly younger than the "true" mass-weighted values, by a factor of ∼ 2-3, consistent with results from Trager & Somerville (2009) . However, quenching, which affects most galaxies with stellar masses above ∼ 10 10.5 M⊙, removes the more recent stars that would have dominated a luminosity-weighted average and produces agreement between the two weightings.
In Figure 2 , we also explore the effect of varying the correlation time-scale of normal star formation and show results for ∆tc = 10 8 (short-dashed), 10 9 (solid), and 10 10 yr (long-dashed). While different values of ∆tc result in nearly identical median ages at a given stellar mass, longer correlation times produce more scatter among star-forming systems from galaxy to galaxy, as expected. However, in a representative sample of both star-forming and passive systems, quenching appears to be the dominant source of scatter in galaxies with M⋆,0 10 10 M⊙ so that the effect of changing ∆tc in this mass range is negligible. As a consequence, distinguishing between different drivers of star formation based on ∆tc may only be possible with a purely starforming sample. Nevertheless, though the observational uncertainties in the age measurements make it difficult to clearly constrain model parameters from the observed values of ∆68T , our results for dwarf systems seem to prefer ∆tc > 10 9 yr. This may indicate that scatter in star formation histories of star-forming systems owes to more than just small instabilities and clumps in cosmic cold gas accretion operating on short time-scales (e.g., Genel et al. 2010; Forbes et al. 2014 ). Instead, galaxy Figure 3 . Left: The redshift, z 1/2 , (upper) or lookback time, t 1/2 , (lower) at which a galaxy progenitor reached 50% of its final stellar mass. The thick, green line and hatched region shows the median and central 68% values for a representative population of model galaxies including both star-forming and passive systems, while the thick and thin curves plot the same quantities for only star-forming (blue) or only passive (orange) galaxies at z = 0. Right: The redshift (upper) or lookback time (lower) at which passive galaxies at z = 0 quenched their star formation as a function of M ⋆,0 . Thick and thin curves denote median and the central 68% of values, respectively. Passive, 10 8 M ⊙ galaxies quench early in our model because of the rarity of these objects (see §4.1 of the text).
environment may play a role (e.g., Peng et al. 2010; Pasquali et al. 2010; Lin et al. 2014 ).
Since passive systems are clearly essential to reproducing the full population of galaxies reflected in the Gallazzi et al. (2005) observations, we include them in presenting our results in the rest of this work unless specifically noted otherwise. We also note that, because the median and scatter in galactic ages of massive galaxies is a direct result of the evolving passive fraction, successfully reproducing both sets of data (e.g., Vogelsberger et al. 2014) should count only as a single piece of evidence for the success of a theoretical model. In addition to the distribution of final galaxy ages, our framework supplies us with full star formation histories from which we can extract interesting characteristic quantities. The right panel of Figure 3 shows the redshifts, z 1/2 , (top panels) or lookback times (bottom panels) at which the progenitors of z = 0 galaxies reached 50% of their final stellar mass. Among starforming galaxies, this redshift increases with increasing stellar mass, but the behavior among galaxies that are quenched by z = 0 is more complicated. For example, despite the young average ages of 10 8.5 M⊙ galaxies, systems of this mass that are passive at z = 0 have a median z 1/2 of about ∼ 1.5, which is a reflection of the very small fraction of 10 8.5 M⊙ galaxies that are quenched.
Because these systems have such low fp in our extrapolation of equation 10, they are more likely to be the descendants of more massive galaxies in which star formation quenches early and recycling reduces the stellar mass down to its final value than the descendants of recently star-forming galaxies with masses close to 10 8.5 M⊙. This scenario among dwarf galaxies is also suggested by the right panel of Figure 3 , which shows the redshift, z quench , at which today's passive galaxies quenched. The limitations of our model may also be apparent in the declining value of z quench with increasing stellar mass beyond ∼ 10 11 M⊙; including mergers in these systems may act to flatten the trend. However, the behavior of z 1/2 for the total galaxy population is relatively straightforward and reflects our choice of fp in equation 10: median values of z 1/2 increase with stellar mass, tracing values for star-forming galaxies for M⋆,0 10 10 M⊙ and those for passive galaxies at M⋆,0 10 11 M⊙. Given the excellent agreement between our model results and observations for galactic ages of nearby galaxies, we extend our model to higher redshifts and, in Figure 4 , present our calculations of luminosityweighted ages as a function of stellar mass for z f = 0, 0.1, 0.5, 1.0, 1.5, and 2.0. We demonstrate the validity of these results by demonstrating their excellent agreement with galaxy age measurements at z = 0.7 by Gallazzi et al. (2014) 5 , but our computations are also in agreements with observations in Choi et al. (2014) . As z f increases, our results quantify the monotonic decrease in the median galaxy-averaged age and demonstrate an increased scatter in ages at higher redshifts. Alternatively, as a function of M ⋆,f , our model reveals that the increase in luminosity-weighted age toward higher stellar masses flattens around M ⋆,f = 10 11 M⊙ at z = 0 due to quenching and that the flattening begins at progressively higher masses for galaxies at earlier redshifts. Moreover, the transition from mostly star-forming lowmass systems to mostly-passive massive systems produces a smoother behavior in the T -M ⋆,f at higher redshifts. While our results at higher redshifts are only as good as our extrapolations of the empirical fitting relations that make up our model, improved mass-complete samples of star formation rates and passive galaxy fractions at log M⋆ ≪ 9 will allow for additional refinements of our predictions.
Stellar Metallicities
The favorable comparisons between our results and the observed median and scatter in galactic ages contrast with those for stellar metallicity. Qualitatively, we generally find higher stellar metallicities in older, more mas- Figure 5 . The median (top row) and central 68% interval range (bottom row) for luminosity-weighted, stellar iron metallicity of a population that includes both passive and star-forming galaxies as a function of stellar mass at z = 0. Thick lines and shaded regions in the top row indicate median and scatter in the Gallazzi et al. (2005) observations of Z⋆ (corrected as discussed in the text), while filled and open circles in the bottom row showing the uncorrected and uncertainty-subtracted central 68% interval, respectively. In the left column, short-dashed (green), solid (blue), and long-dashed (orange) curves compare the effect of different correlation time-scales between fluctuations in normal star formation-∆tc = 10 8 , 10 9 , and 10 10 yr, respectively-assuming the FMR calibration from PP04. The dotted (blue) curve shows the mass-weighted results, while the thick, short-dashed (red) line demonstrates the effect of ignoring the correction from α-to iron-abundance; both assume ∆tc = 10 9 yr and the PP04 calibration. In the right column, solid (blue), dot-dashed (orange), short-dashed (green), and long-dashed (red) curves compare results from different FMR calibrations of PP04, M10, KD02, and Z94, respectively, with a fiducial correlation time-scale of ∆tc = 10 9 yr. sive galaxies, as observed. However, we have difficulty reproducing both the median and distribution of stellar metallicities in detail as depicted in Figure 5 . The left column shows the effect of varying ∆tc using the FMR indicators of PP04, while the right column assumes ∆tc = 10 9 yr and demonstrates the differences among alternate derivations of the FMR.
As with the ages in Figure 2 , all values of ∆tc result in identical median stellar metallicities at all stellar masses. This is also true for the scatter among galaxies with masses above ∼ 10 10 M⊙, where quenching begins to dominate variations in the star formation history.
With our fiducial α/Fe ratios from Stoll et al. (2013) , different FMR calibrations produce results which cluster around the median Gallazzi et al. (2005) metallicities for masses less than ∼ 10 10 M⊙. At larger masses, they somewhat underestimate the observed results as a group, but the calibrations of KD02 and Z94 are relatively more successful on their own. With regard to the metallicity scatter, the Z94 and PP04 calibrations result in values of ∆68Z⋆ consistent with observations for M⋆,0 10 10.5 M⊙; the M10 and KD02 give slightly too much or too little scatter, respectively, in this mass range. However, all FMR models produce 1-2 ordersof-magnitude less scatter than observed among galaxies with masses below ∼ 10 10.5 M⊙. In principle, we could derive an FMR that produces agreement between our model and observations, but this exercise is complicated by uncertainties in comparing the model and the data (see §4.2.1.)
Uncertainties in the Model-Data Comparison
There are several reasons why we may not have expected to predict the observed metallicity distribution correctly. We divide these into three categories: unaccounted for physical issues with (1) the metallicity of the gas or (2) translating the oxygen-traced metallicity of gas to the iron-traced metallicity of the stars that form out of that gas and (3) methodological issues with our approach or in the Gallazzi et al. (2005) data. Problems in any of these groups can influence our comparisons of both the median and scatter in metallicity.
The calibration of the gas-phase metallicity, which we discussed in §2.2, is not the only uncertainty affecting our use of the FMR. Extrapolation is a further cause for concern, particularly at M⋆ 10 10.5 M⊙, beyond the Andrews & Martini (2013) sample that was used to fit several of our FMR choices, where Yates et al. (2012) find evidence for an turnover in the general relationship between metallicity and the star formation rate. However, even with a perfect characterization of the z = 0 FMR across all stellar masses and star formation rates, we would not be able to rule out an evolution in the relation with time. Although we ignore such evolution, we may actually expect it on theoretical grounds since galactic outflows, which alter the relative amounts of metals and gas a galaxy retains (e.g., Peeples & Shankar 2011), depend on the evolving galactic potential well (e.g., Murray et al. 2005 Murray et al. , 2010 . Observationally, results are conflicted; some high-redshift studies report metallicities consistent with the local FMR (e.g., Mannucci et al. 2010; Lara-López et al. 2010; Wuyts et al. 2012; Henry et al. 2013a,b) , while others paint a more uncertain picture (e.g., Sánchez et al. 2013; Hughes et al. 2013; Yabe et al. 2014; de los Reyes et al. 2014; Sanders et al. 2014) . To further complicate these observational tests, the local calibrations of O/H metallicity indicators may not apply in high-redshift galaxies if the interstellar media of these systems exhibit higher densities and pressures (e.g. Muñoz & Furlanetto 2012 or harder radiation fields (but see Juneau et al. 2014) . Finally, the FMR is not as completely free of scatter (Andrews & Martini 2013) as we assumed, particularly at high redshift (e.g., Wuyts et al. 2012 ); like scatter in the M⋆-ṀSFR relation, these fluctuations would imprint on the resulting metallicity distributions from our model.
In addition to the oxygen-traced metallicity in the gas-phase, the iron-traced metallicity of stars formed from that gas is also uncertain, and the largest complicating factor is the α/Fe ratio. As discussed in §2.2, we translated the oxygen-weighted gas-phase metallicities of the FMR to stellar metallicities measured relative to iron using the α/Fe-O/H relation from Stoll et al. (2013) as a fiducial calibration. Figure 5 demonstrates that the effect of this conversion is to reduce the median stellar metallicities by a factor of 2-3. However, the differing delay times between iron-producing Type Ia supernovae (long) and iron-and oxygen-producing Type II supernovae (short) after the formation of a stellar population suggests an underlying age dependence of α/Fe (Maoz et al. 2012) .
6 Thus, the mass-age relation among galaxies (see §4.1) implies a secondary correlation between α/Fe and stellar mass (Thomas et al. 2005; Arrigoni et al. 2010) . We also test (but do not plot) our results using this type of calibration from Arrigoni et al. (2010) and find that, while this choice over-produces the metallicity in dwarf galaxies, results from different formulations of the FMR bracket the median observed metallicities above ∼ 10 10 M⊙. However, the M⋆-α/Fe relation does not produce the increase in metallicity scatter that we would expect from a true age-α/Fe relation because the significant scatter in the mass-age relation is washed out.
There are also several methodological issues that could affect our results and comparisons with observations. For example, Trager & Somerville (2009) demonstrate a potentially important difference between the type of luminosity-weighting that we use and an SSP-weighting, which is more relevant for the Gallazzi et al. (2005) spectral index calibrations (see also Panter et al. 2008) . Moreover, aperture bias, particularly for galaxies with both bulge and disk components, is partially responsible for the flattening of the mass-stellar metallicity relation in the SDSS measurements (Kauffmann et al. 2003) , and the choice of model metallicity grids (Koleva et al. 2008 ) may also have a subtle effect. Finally, observational biases may skew the statistics of dwarfs galaxies in the Gallazzi et al. (2005) sample away from those of the total population. In particular, because O and B stars in regions of high star formation rate hinder measurements of the absorption lines used to derive stellar metallicities, the observed sample may have a higher proportion of passive systems than expected from equation 10. Although the observed trend in the median metallicity with stellar mass observed by Gallazzi et al. (2005) appears to continue in galaxies below the lower SDSS mass limit-around 10 9 M⊙-to Milky Way and M31 satellites with masses as low as ∼ 10 3 M⊙ ), the agreement is not perfect. Further, the significant amount of scatter in the Gallazzi et al. (2005) metallicity measurements at ∼ 10 9 M⊙ is not observed in the Kirby et al. (2013) dwarf satellite sample at ∼ 10 8.5 M⊙. This apparent tension in the available data from the literature suggests that the amount of stellar metallicity scatter among dwarf galaxies is not yet a resolved question, though it may simply be an issue of comparing satellites with systems in the field. New work by Choi et al. (2014) analyzing observations specifically of passively evolving galaxies may provide more useful comparisons with our model moving forward (see also Conroy et al. 2014 ).
The reader may also imagine several other factors that could produce the discrepancies between our results and the SDSS metallicity data. Yet, two possibilities that we do not consider to be significant for our calculation of stellar metallicities are the initial mass function (IMF) of stars and mixing. While the IMF has a strong impact on the rate at which galaxies produce metals and may vary in certain types of systems (Hopkins 2012; Conroy & van Dokkum 2012; Conroy et al. 2013; Geha et al. 2013) , our empirical inputs to our model should already reflect these systematic differences. The only manner by which the IMF can significantly influence our results is through its effect on the observed stellar mass-star formation rate relation, and such a change may alter the good agreement between our results and observed galaxy ages. On the other hand, mixing may contribute in two ways. First, unresolved gradients, particularly at higher redshifts (e.g., Jones et al. 2013; Yuan et al. 2013a) , in the gas-phase metallicity may result in many regions with metallicities significantly different from the measured average. However, because measurements of the galaxy-averaged Zg are effectively weighted by star formation rate, the values accurately reflect the gas producing new stars. Mixing may be a concern either if gas in HII regions is not uniformly mixed or because gas-phase metallicity indicators originate in HII regions rather than the cold, neutral gas where stars. However, local observations attest to the uniformity of gas-phase metallicities (if not of temperatures) within HII regions (e.g., O'Dell et al. 2003; García-Rojas et al. 2004 ) and the agreement between measurements in these regions and the associated stars (Simón-Díaz & Stasińska 2011; Nieva & Przybilla 2012) .
In summary, it appears that we can resolve the discrepancy between our model metallicity distributions and those observed by Gallazzi et al. (2005) through a combination of reconciling the discontinuous scatter between SDSS dwarfs and the satellites of the Milky Way and M31, correctly calibrating the FMR, and implementing an α/Fe ratio that depends on the age of the stellar population.
The Stellar Metallicity-Age Relation
The last point relating stellar metallicity to age motivates us to consider the relationship between these two output quantities from our model. In principle, we can calculate Z⋆ as a function of T by generating a very large number of star formation histories at a variety of stellar masses, weighted according to the stellar mass function, and compiling the resulting metallicities into bins of galactic age. Instead, we suggest an analytic treatment to approximate the same result in a much shorter time and with much more physical transparency. We have additionally carried out the brute-force approach with sufficient accuracy to ensure that this new approach achieves the same result within the uncertainties of our basic model.
To begin, we assume that for each stellar mass at z = 0, age and stellar metallicity are jointly log-normal.
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The probability distribution of log Z⋆ as a function of log T is, then,
(15) The first factor in the integral is the bivariate, Gaussian probability distribution given by
where x and y are jointly normal, mean-subtracted quantities and ρxy = x y σx σy
is their correlation coefficient. Note that, if x and y are uncorrelated (i.e., ρxy = 0), then equation 16 reduces to the product of two Gaussians. We can compute the correlation coefficients between log T and log Z⋆, as well as the means and variances of these quantities, from the star formation histories that we calculate at the beginning of this section for each stellar mass. Because the stellar metallicity distributions from our method do not agree in detail with those observed, we do not present our results for this calculation. However, we find a general trend of higher metallicities for older galaxies. We also already see tentative indications that the scatter among metallicities at a given age is less than at a given stellar mass, though the details depend on the specific choice of FMR calibration. After implementing the solutions to our discrepant metallicities discussed in this section, a more careful analysis of the relationship between Z⋆ and T using our framework would be revealing and contribute to an interesting conceptualization of galaxies as inhabiting a stellar mass, age, and stellar metallicity landscape.
CONCLUSIONS
In this study, we develop a cohesive theoretical formalism for translating empirical relations into an understanding of the variations in galactic star formation histories. We achieve this goal by incorporating into the Main Sequence Integration method the scatter suggested by the evolving fraction of quiescent galaxies and the spread in the observed stellar mass-star formation rate relation. We find excellent agreement between our model results and the Gallazzi et al. (2005) measurements of galactic ages-and approximate agreement with their median stellar metallicities-as a function of stellar mass but are unable to produce the observed variations among the stellar metallicities of dwarf galaxies (see Appendix for information about our tabulated results).
Our work confirms that quenching is the key factor in determining the age distribution of massive systems. Because our implementation of quenching is stochastic and does not account for the frequency of different environments, environmental effects likely do not contribute very significantly; observational correlations between environment and age may simply result from the strong clustering of massive galaxies into overdense regions. On the other hand, among star-forming galaxies, variations in star formation rate likely correlate on time-scales longer than 10 8 yr-unless additional starbursts strongly influence dwarf galaxy formation (e.g. Weisz et al. 2012; Amorisco et al. 2014; Madau et al. 2014 , but see also Garrison-Kimmel et al. 2013 )-and probably around 10 9 yr, which suggests that environmental effects could play some role in setting star formation rates. However, additional starbursts beyond the normal scatter reflected in observed stellar mass-star formation rate relation are not required to explain the distribution of stellar age as a function of mass.
Further, our work may reveal missing ingredients in the understanding of galaxy metallicities. For example, we find that results using representative formulations of the fundamental relation among gas-phase metallicity, stellar mass, and star formation rate approximately bracket the observed median stellar metallicities. Thus, we conclude that the uncertain calibration of gas-phase metallicity is at least partially responsible for our inability to reproduce the observations in detail. However, properly modeling the α/Fe ratio as a function of the age of a stellar population also promises to improve significantly our comparisons with the data-particularly in generating the stellar metallicity scatter among dwarf galaxies, which retain less than 5% of the metals they have ever made in their stars )-and our understanding of the buildup of the stellar metallicity relation through time.
Moreover, directly connecting empirical phenomenology with our framework for galaxy evolution gives us deeper insights into both data and theory. For example, we can improve the derivation of galaxy properties from future observations with our MSI-formalism, iteratively solving for the stellar masses and star formation rates, with self-consistent star formation histories. Such a procedure would yield more accurate results than would be achievable by assuming, e.g., a simple, exponentially-declining star formation rate in the required population synthesis calculation. Additionally, with regard to theoretical models, our framework points to degeneracies in the testing of numerical simulations and semi-analytic prescriptions against observations and suggests that physical processes correlating star formation on different time-scales may be distinguished by the scatter in the resulting galactic ages of dwarf galaxies.
Thus, our framework clearly provides a useful organizational structure through which the behavior of galaxy properties can answer questions about the star formation and enrichment history of universe. These answers will increasingly clarify the field of galaxy formation as new streams of data continue to flow. Figure B1 . The median (top row) and central 68% interval range (bottom row) for luminosity-weighted, galaxy-averaged stellar age as a function of total stellar mass at z = 0. The presentation of the Gallazzi et al. (2005) observations is identical to that in Fig. 2 with thick lines and shaded regions in the top row indicated median and scatter in ages and filled and open circles in the bottom row showing the uncorrected and subtracted central 68% interval, respectively. In the left column, solid (blue), dot-dashed (orange), short-dashed (green), and long-dashed (red) curves compare results using, for the luminosity-weighting of stellar ages within each model galaxy, the FMR calibrations of PP04, M10, KD02, and Z94, respectively. Passive galaxies are included in the model, as is normal star formation with ∆tc = 10 9 yr. In the middle column, the solid (blue) and dashed (orange) lines show the effect of changing the logarithmic scatter in the star formation rate at fixed stellar mass from our fiducial values of σ SFR = 0.3 to σ SFR = 0.2; again passive galaxies are included and ∆tc = 10 9 yr. In the right column, results demonstrate the effect of adding additional starbursts 3 × 0.3 dex above the mean star formation rate in 10% of galaxies, each lasting for ∆t b = 10 8 (solid, blue) or 10 9 yr (orange, dashed), in additional to normal star formation with ∆tc = 10 9 yr and a passive phase.
over that time step to the total number of non-bursting, star-forming galaxies:
where the first term in the curly brackets accounts for the changing number of star-forming galaxies and the second accounts for galaxies finishing their starburst phases during the time step. This procedure ensures that the fraction of a large population of star-forming galaxies in a starburst phase in any time step is always f b . As a result, a galaxy that remains star-forming for a time, TSF, experiences of order ∼ f b TSF/∆t b bursts. 8 yr interspersed among normal star formation correlated over ∆tc = 10 9 yr and a late passive phase, the bursts create large spikes in the star formation rate, but, ultimately, the buildup of stellar mass is not very different from that with f b = 0.
APPENDIX C: SENSITIVITY OF AGES TO MODEL PARAMETERS
In Figure B1 , we explore the influence on our model ages of variations in the FMR (left column), differing amounts of scatter in the normal mode of star formation at fixed stellar mass (middle column), and the inclusion of additional star bursts (right column). The FMR only enters the calculation of stellar ages through the luminosity weighting, and we find that our results are relatively insensitive to the specific choice of calibration for the relation-though results for the M10 relation produce a slightly lower median and increased scatter at the very high-mass end. Observed uncertainties in σSFR are also of only minor importance. Similarly, while our additional starbursts tend to decrease the median ages at the very low-and high-mass ends of the population below the observed values and somewhat increase the amount of scatter at all masses, they do not alter the results significantly. Whether or not extra bursts exist as a real component of galaxy formation, the "additional starbursts" described in §B are, at least, not necessary for understanding the spread in ages as a function of z = 0 stellar mass.
APPENDIX D: SUPPLEMENTARY TABLES
To facilitate the use of our results by the community, we provide electronic tables of our results in the Supplementary Data. We generated each table from 10 3 galaxy realizations in bins of final mass from 10 8.5 -10 12 M⊙. The column headings, from left to right, are (1) stellar mass; (2-4) 16th, 50th, and 84th percentile of luminosity-weighted age; (5-7) 16th, 50th, and 84th percentile of luminosity-weighted stellar metallicity; (8-10) 16th, 50th, and 84th percentile of mass-weighted age; (11-13) 16th, 50th, and 84th percentile of massweighted stellar metallicity; (14-16) 16th, 50th, and 84th percentile of the redshift at which 90% of the final stellar mass is reached; (17-19) 16th, 50th, and 84th percentile of the redshift at which 50% of the final stellar mass is reached (i.e., z 1/2 ); and (20-22) 16th, 50th, and 84th percentile of the quenching redshift (see Table 1 for a partial example). Values of "-999" for the quenching redshift indicate that a value could not be determined because not enough realizations resulted in a passive system at the final redshift. We include tables with results for star-forming only, passive only, or all galaxies with z f = 0, 0.1, 0.25, 0.5, 1.0, 1.5, and 2.0 assuming ∆tc = 10 9 and using the PP04 FMR calibration. Additionally, we provide results using the KD02, Z94, and M10 FMR calibrations at z f = 0. All galaxies with z f = 0 and assuming ∆tc = 10 9 yr and the PP04 FMR calibration. Col. (1): Stellar mass at z f in log units of solar masses. Col. (2-4): 16th, 50th, and 84th percentile of luminosity-weighted age (T LW ) in log units of years. Col. (5-7): 16th, 50th, and 84th percentile of luminosity-weighted stellar metallicity (Z LW ) in log units of solar metallicity. Col. (8-10): 16th, 50th, and 84th percentile of mass-weighted age (T MW ) in log units of years. Col. (11-13): 16th, 50th, and 84th percentile of mass-weighted stellar metallicity (Z MW ) in log units of solar metallicity. Col. (14-16): 16th, 50th, and 84th percentile of the redshift at which 90% of the final stellar mass is reached (z 9/10 ). Col. (17-19): 16th, 50th, and 84th percentile of the redshift at which 50% of the final stellar mass is reached (z 1/2 ). Col. (20-22): 16th, 50th, and 84th percentile of the quenching redshift (z quench ). Full tables are available online. c 0000 RAS, MNRAS 000, 000-000
